V accines against organisms that could be used as biological weapons have gained considerable interest. Yersinia pestis is one such pathogen, a Gram-negative bacterium that causes bubonic and pneumonic plague. Regardless of the route of infection, the disease results in high mortality (50 -90%) if left untreated (1) .
Interest in a prophylactic vaccine extends beyond biodefense, as isolated plague outbreaks occur sporadically and antibiotic-resistant strains have been described (2) . There is no commercially available vaccine against plague. Live attenuated strains and more recently formalin-killed whole cell vaccines were developed, but proved highly reactogenic in humans (reviewed in Refs. 3 and 4) . A killed whole-cell vaccine was licensed in the U.S., but was withdrawn from use because it required multiple doses, was highly reactogenic, and did not protect against pneumonic plague (5, 6) .
The F1 capsular Ag and the V Ag (LcrV, a component of the Y. pestis type-III secretion system) have been evaluated as subunit vaccines, and shown to induce protection against bubonic and pneumonic plague in several animal models (7) (8) (9) . These Ags also elicited Abs when given to humans (10) .
In the current climate of biowarfare threat, there has been renewed interest in the development of safe and effective biodefense vaccines to protect all segments of the population, including children, the elderly, and the growing number of immunocompromised individuals. Emphasis has also been placed in identifying immunization strategies that would address their particular needs. A subunit alum-adjuvanted plague vaccine tailored for healthy adults would not be suitable for immunization of infants and young children who mount feeble Th2-biased responses to purified proteins in the absence of immunostimulatory signals (11) . This has been attributed, at least in part, to the presence of immature APC that lack full capacity for Ag presentation and T cell stimulation (12) . The use of alum poses an additional safety concern for pediatric immunization as this adjuvant favors Ab responses, further polarizing the Th2-type biased neonatal immunity and thereby increasing the risk of allergic reactions.
An approach that would enable using Y. pestis-protective Ags such as F1 and/or LcrV for early life immunization would be through mucosal delivery via live vectors. Besides targeting Ags to professional APC (13) , an attenuated bacterial-vector vaccine would have the capacity to activate innate immune cells and trigger proinflammatory signals that will promote adaptive responses, especially Th1-type cell-mediated immunity. Mucosally delivered live vectors could also stimulate local immune responses to enhance protection against aerosol infection.
Several studies have demonstrated the feasibility of using Salmonella as a live vector expressing Ags from different pathogens, including Y. pestis (reviewed in Refs. 3 and 14) . Most of the work on Salmonella plague vaccines has been based on S. Typhimurium constructs expressing Y. pestis F1 and LcrV that were tested in mice (15) (16) (17) (18) (19) . For humans, however, a Salmonella-based vaccine expressing F1 and/or LcrV would be more useful if engineered in the S. Typhi background, to protect against both plague and typhoid fever. Attenuated S. Typhi strains delivering foreign Ag have been evaluated in animal models (reviewed in Ref. 14) , and a handful of these recombinant strains has been successfully administered to humans (20 -22) .
There is mounting evidence that protective immunity can be improved when vaccine Ags are administered in different forms or routes in so-called prime-boost regimens (23) . Londoño-Arcila et al. (24) first demonstrated that priming with S. Typhi expressing Helicobacter pylori urease and boosting with urease-alum protected mice against challenge with virulent organisms, whereas neither immunization with S. Typhi expressing urease nor ureasealum conferred protection. Vindurampulle et al. (25) found increased levels of tetanus antitoxin in mice primed with S. Typhi expressing tetanus toxin Fragment C (Frag C) 4 and boosted with tetanus toxoid compared with mice immunized with Frag C-expressing S. Typhi.
Our group showed for the first time that newborn mice immunized intranasally (i.n.) with S. Typhi expressing tetanus toxin Frag C developed remarkable mucosal and systemic responses during the neonatal period (26) .
In this study, we developed a S. Typhi-based live vector vaccine that can express and export the Y. pestis F1 capsular Ag and evaluated its use for early life immunization. Borrowing from the success of prime-boost immunization in adult mice, we examined whether neonatal responses to F1 expressed by S. Typhi could be further improved by a subsequent parenteral boost with F1-alum. We explored the characteristics of the prime-boost responses and the mechanisms underlying live vector priming during the neonatal period, specifically the capacity of S. Typhi to activate and enhance maturation of dendritic cells (DC) and its influence on Ag presentation, cytokine secretion, and T cell stimulation.
Materials and Methods

Construction of a recombinant S. Typhi vaccine strain expressing Y. pestis F1; bacterial strains and culture conditions
The F1-expressing operon from Y. pestis strain EV76 ( pgm Ϫ ) genomic DNA was PCR amplified using Pfx DNA polymerase (Invitrogen Life Technologies) and the caf3 (5Ј-GCC GAA TTC CGA ACA TAA ATC GGT TCA GTG GCC TCA ACG CTG-3Ј) and cafAvr2 (5Ј-GGC CCT AGG TGA ACC TAT TAT ATT GCT TCG CGC-3Ј) primers. The resulting PCR product containing the caf1R transcriptional regulator, the chaperone caf1M and the usher caf1A, and the F1-encoding gene caf1 was digested with EcoRI and AvrII and cloned into plasmid pSEC10 (27) . Plasmid pSEC10 was digested with EcoRI and NheI, and the ompC promoter and clyA gene were replaced with the caf operon, resulting in plasmid pSL74. To reduce the expression of F1, which was found to be mildly toxic to the bacteria, the start codon of the caf1 gene in pSL74 was changed from ATG to GTG using the QuikChange mutagenesis kit (Stratagene) and the primers F1GTG1 (5Ј-GAT AGA GGT AAT ATG TGA AAA AAA TCA  GTT CCG-3Ј) and F1GTG2 (5Ј-CGG AAC TGA TTT TTT TCA CAT  ATT ACC TCT ATC-3Ј ). The sequence of the resulting plasmid pSL74-GTG was verified by DNA sequence analysis. Plasmid pSL74-GTG and pSEC10 were electroporated following standard techniques into S. Typhi vaccine strain ACAM948CVD (Acambis), which is a strain derived by growing S. Typhi CVD 908-htrA, an aroC, aroD, htrA mutant (28), in animal-free medium to comply with regulatory requirements. The selected vaccine strain, ACAM948CVD(pSL74-GTG), is referred to hereafter as S. Typhi(F1). The live vector strains were grown at 37°C in Luria-Bertani medium containing dihydroxy-benzoic acid (Sigma-Aldrich) and kanamycin (50 g/ml) when needed; expression of F1 from plasmid pSL74-GTG was constitutive under these conditions.
Analysis of F1 expression
S. Typhi carrying pSEC10 (empty plasmid) and pSL74-GTG were grown overnight at 37°C, as described above. F1 expression was detected by immunoblot analysis of whole bacterial lysates using an anti-F1 mAb (Research Diagnostics) and HRP-labeled goat anti-mouse IgG (Amersham Biosciences), as previously described (29) . Surface expression of F1 was also investigated by immunofluorescence. S. Typhi(F1) and S. Typhi carrying pSEC10 were stained with mouse anti-F1 mAb (Research Diagnostics) in PBS containing 0.1% BSA and 0.01% NaN 3 (PBA) for 1 h at room temperature, washed, and incubated with FITC-labeled anti-mouse IgG (Invitrogen) for 30 min. Stained bacteria were mounted in Prolong Gold (Invitrogen) and visualized using a Nikon Eclipse 2000-E UV fluorescent microscope. Images were acquired using MetaVue software, version 6.1 (Universal Imaging). To demonstrate F1 capsule formation, S. Typhi(F1) and S. Typhi carrying pSEC10 were stained with india ink (BD Biosciences), as previously described (30) .
Expression of S. Typhi flagella and motility
The motility of S. Typhi carrying pSEC10 and pSL74-GTG was measured, as described (31), with modifications. Briefly, overnight cultures (0.5 l) were spotted in swarm agar plates, allowed to dry for 1 h at room temperature, and incubated for 30 h at 37°C. Surface expression of flagellar Ag was assessed in overnight cultures using Ryu staining (Remel; Thermo Fisher Scientifics), and images were obtained, as described above.
Mice and immunizations
BALB/c mice (8 -10 wk old) purchased from Charles River Laboratories were bred to produce pups, as previously described (26, 29) . Newborn (7-day-old) mice were immunized i.n. with 1 ϫ 10 9 CFU of either S. Typhi(F1) or S. Typhi alone (2.5 l was delivered in each nare, without anesthesia) and/or i.m. with 5 g of F1 adsorbed to 0.5% alhydrogel (Accurate Chemical & Scientific) on days 7 and 22 after birth. Preimmune serum samples were collected by cardiac puncture from age-matched naive pups. Additional bleedings were performed from the retro-orbital sinus. Mice were euthanized 15 or 70 days after birth. All animal studies were approved by the University of Maryland Institutional Animal Care and Use Committee.
F1-specific IgG, IgG subclasses, and IgG avidity
Serum IgG, IgG1, and IgG2a against Y. pestis F1 were measured by ELISA. Immunlon II plates (Thermo Scientific) were coated with F1 at 0.5 g/ml in PBS, for 3 h at 37°C, and blocked overnight with 10% dry milk (Nestle) in PBS. Plates were washed six times with PBS containing 0.05% Tween 20 (PBST). Serum samples diluted 2-fold in 10% milk-PBST were incubated for 1 h at 37°C. F1-specific Abs were detected with HRP-labeled anti-mouse IgG, IgG1, and IgG2a (Roche) diluted 1/1000 in 10% milk-PBST for 1 h at 37°C. Tetramethylbenzidine Microwell Peroxidase (Kirkegaard & Perry Laboratories) was used as substrate. After 15 min of incubation, the reaction was stopped by the addition of 100 l of 1 M H 3 PO 4 . Sera were run in duplicate; negative and positive calibrated controls were included in each assay. Titers were calculated from linear regression curves as the inverse of the dilution that produces an absorbance value of 0.2 above the blank (ELISA U/ml). The avidity of F1-specific IgG Abs was measured by ELISA with an additional 10-min 6 M urea elution step after incubation with the samples (29) . The avidity index was calculated as the percentage of residual activity (end point titer) after treatment with urea.
Ab-secreting cell (ASC) ELISPOT
The frequency of F1-specific ASC was measured in the lung and nasal tissue, as previously described (26, 29) . Plates were coated with 5 g/ml F1 and blocked with complete medium: RPMI 1640 supplemented with 10% FCS, 200 mM glutamine, and gentamicin 50 g/ml (Invitrogen). Fresh cells were added in 2-fold dilutions (5 ϫ 10 5 to 6.25 ϫ 10 4 ) and incubated overnight at 37°C, 5% CO 2 . F1-specific Abs were revealed with HRP-labeled goat anti-mouse IgA or IgG (Roche) diluted in PBS/1% BSA. Spots were developed using True Blue substrate (Kirkegaard & Perry Laboratories) in agarose overlay. In all ELISPOT assays, spots from control wells were subtracted from experimental wells, and the threshold for a positive response was defined as 4 spots/10 6 cells.
IFN-␥ ELISPOT
Cryopreserved splenocytes (1 ϫ 10 6 cells/well in 24-well plates) were allowed to recover in complete RPMI 1640 supplemented with 5 IU/ml IL-2 (PeproTech) for 2-3 days at 37°C, 5% CO 2 . Cells (1.25 ϫ 10 5 /well) were added to MultiScreen-HA nitrocellulose plates (Millipore) coated with 5 g/ml anti-mouse IFN-␥ (BD Pharmingen), and incubated in the presence of F1 (10 g/ml) for 36 h at 37°C, 5% CO 2 . Cells in complete RPMI 1640 or stimulated with PHA (2 g/ml; Sigma-Aldrich) were included as controls. IFN-␥ spots were revealed with a biotin-labeled antimouse IFN-␥ at 5 g/ml (BD Pharmingen), followed by streptavidin-HRP (Sigma-Aldrich) and True Blue (Kirkegaard & Perry Laboratories) substrate.
F1-specific T cell proliferation
Fresh spleen cells (2 ϫ 10 5 cells/well in 96-well plates) were incubated with 5 g/ml F1 or BSA (control) for 6 days at 37°C, 5% CO 2 . Cell proliferation was measured by incorporation of [ 3 H]thymidine, as previously described (26) . The cpm in control wells were subtracted from cpm in F1-stimulated wells.
Memory B cells
F1-specific IgG memory B cells were measured using a method described by Crotty et al. (32) adapted for mouse cells. Briefly, splenocytes were stimulated for 6 days with polyclonal mitogens: Phytolacca americana lectin at 2 g/ml (Sigma-Aldrich), Escherichia coli O55:B5 LPS (SigmaAldrich) at 50 g/ml, and CpG ODN 1826 (5Ј-TCC ATG ACG TTC CTG ACG TT-3Ј) at 0.3 g/ml. Expanded memory B cells were transferred to 96-well plates (5 ϫ 10 5 to 3.25 ϫ 10 4 cells/well) coated with F1 (5 g/ml in PBS) or with rabbit anti-mouse IgG (Zymed Laboratories) (10 g/ml in PBS) and blocked with complete RPMI 1640 for 2-4 h at 37°C. Following overnight incubation at 37°C and 5% CO 2 , total and F1-specific IgG Abs were revealed with HRP-labeled goat anti-mouse IgG (5 g/ml; Roche), followed by True Blue substrate (Kirkegaard & Perry Laboratories) in agarose overlay, as described above.
Y. pestis challenge
Mice were challenged i.v. with 180 MLD 50 (10,000 CFU) of Y. pestis EV76 in 0.2 ml of sterile PBS. FeCl 2 (40 g/mouse) was administered i.p. immediately before challenge to enhance bacterial virulence (33) . Health status was monitored for 13 days using a scale from 1 to 4. A score of 1 (normal) was assigned to healthy mice with normal posture and no signs of dehydration; score 2 to early stage of piloerection with normal posture and mild dehydration; score 3 for mild piloerection, dull, hunched, and moderate dehydration; and score 4 for severe piloerection, dull, hunched, and squinting, with severe tenting. All survivors were humanely euthanized at the end of the monitoring period.
Generation of neonatal and adult immature DC
Cells from bone marrow (BM) were collected from the tibias of 7-day-old (neonates) and 8-wk-old (adult) mice, as previously described (29) . Cells (1-3 ϫ 10 7 cells in 25-ml flask) were cultured with mouse GM-CSF (10 ng/ml; BD Pharmingen) and IL-4 (10 ng/ml; BD Pharmingen) for 2 h at 37°C, 5% CO 2 . Nonadherent cells were transferred to a new tissue culture flask and incubated with complete RPMI 1640 in the presence of GM-CSF and IL-4 for 6 days. Cells were then fed with fresh medium and harvested on day 8. Cell differentiation and viability were monitored by phase-light microscopy. , or mock stimulated (negative control) for 2 h at 37°C, 5% CO 2 . CD11c ϩ DC were also incubated for 24 h with E. coli LPS (Sigma-Aldrich; 10 ng/ml) as a positive control. Cells were then washed six times with PBS containing 100 g/ml gentamicin to eliminate extracellular bacteria; allowed to recover overnight in complete medium at 37°C, 5% CO 2 ; and stained with FITC-, PE-, or allophycocyanin-labeled Abs specific for CD11c, CD40, CD80, CD86, and I-A d (BD Pharmingen) for 30 min at 4°C.
Stimulation of DC with S. Typhi strains and flow cytometric analysis
To reduce staining background, cells were preincubated with Fc-Block (anti-mouse CD16/32; BD Pharmingen)/PBA buffer for 30 min at 4°C. Viability was confirmed by staining with 5 g/ml ethidium monoazide (80 -90%). Stained cells were fixed with 4% paraformaldehyde and run in a DakoCytomation MoFlo flow cytometer. Data were collected from 10,000 -30,000 cells and analyzed using WinList 6.0 3D software (Verity Software House).
Laser confocal microscopy
Magnetically sorted CD11c ϩ DC (95% purity; Miltenyi Biotec) were treated with S. Typhi, as described above, fixed, and permeabilized for 20 min with Cytofix/Cytoperm (BD Pharmingen) at room temperature. They were subsequently washed and blocked for 30 min with goat anti-mouse IgG and mouse Fc-Block at 4°C. For S. Typhi and MHC-II staining, DC were incubated with FITC-labeled goat anti-common Salmonella Ag-1 (Kirkegaard & Perry Laboratories) and with purified anti-mouse I-A d (BD Pharmingen) (both in PBA, for 1 h at room temperature), followed by Alexa Fluor 546-labeled anti-mouse IgG (Invitrogen), respectively. To visualize the nuclei, cells were incubated with 4Ј,6Ј-diamidino-2-phenylindole dihydrochloride (Invitrogen) in PBA for 5 min. Prolong Gold (Invitrogen) was used as a mounting solution. Stained DC were visualized using a Zeiss LSM510 META laser-scanning confocal microscope. Images were acquired in the mid-plane of the cells. Z-stack sections were collected at 0.5-m intervals. Images were analyzed with Adobe Photoshop 7.0 and AxioVision 4.6 software.
FITC-dextran uptake
BM-derived DC stimulated with S. Typhi(F1) or F1, or mock-stimulated were resuspended in complete RPMI 1640 and incubated with 1 mg/ml FITC-dextran (Sigma-Aldrich) for 2 h at 37°C or 4°C. Cells were washed six times with ice-cold PBA and analyzed by flow cytometry. Dextran uptake was measured as the increase of FITC-positive cells incubated at 37°C vs 4°C.
Cytokine measurement
The levels of IL-12p70, TNF-␣, IL-10, IL-6, and MCP-1 were quantified in overnight culture supernatants from S. Typhi-, S. Typhi(F1)-, F1-, and mock-stimulated neonatal and adult BM-derived DC using Cytometric Bead Array (CBA) Mouse Inflammation kit (BD Pharmingen). Samples were run in a Beckman Coulter Epics Elite flow cytometer. Cytokine concentrations were determined by extrapolating fluorescence intensities of individual samples in standard reference curves (CellQuest Pro and CBA software; BD Pharmingen) using BD CBA software (BD Biosciences).
F1-specific in vitro T cell stimulation by S. Typhi-stimulated neonatal DC
CD3
ϩ T cells (90 -95% purity) were purified from spleens of naive or F1-immune mice by negative magnetic sorting (Dynal Biotech). Increasing numbers of S. Typhi(F1)-, F1-, or mock-stimulated CD11c ϩ DC purified by magnetic cell sorting (BD Pharmingen) were cocultured with 1 ϫ 10 5 F1-specific CD3 ϩ T cells. T cell stimulation was assessed by measuring the frequency of IFN-␥ production and T cell proliferation, as described above. Negative controls included wells containing F1-specific CD3 ϩ T cells alone, CD11c ϩ DC alone, and CD11c ϩ DC cocultured with naive CD3 ϩ T cells. CD3
ϩ T cells incubated with Con A (2 g/ml; Sigma-Aldrich) or with F1 (5 g/ml) served as positive controls. Responses in negative control wells were subtracted from experimental wells.
Adoptive transfer of S. Typhi-treated DC S. Typhi(F1)-, F1-, or mock-treated magnetically sorted CD11c ϩ DC derived from adult (8-wk-old) or newborn (7-day-old) donors were injected into adult (2 ϫ 10 5 cells/mouse, i.v.) or newborn (1 ϫ 10 6 cells/mouse, i.p.) recipient mice. Spleens were collected 7 days later, and CD4 ϩ and CD8 ϩ magnetically sorted T cells (90 -95% purity) were stimulated in vitro with F1 (5 g/ml). The frequency of IFN-␥-secreting cells and T cell proliferation were measured, as described above.
Results
Construction of an attenuated S. Typhi vaccine strain expressing Y. pestis F1
We engineered an attenuated S. Typhi vaccine strain capable of expressing the Y. pestis F1 capsule from the Y. pestis F1 operon encoded by plasmid pSL74-GTG (Fig. 1A) . Ag expression was confirmed by Western immunoblot analysis of bacterial lysates (Fig. 1B) ; S. Typhi(pSL74-GTG), henceforth referred as S. Typhi(F1), produced a single band of the expected molecular mass ϳ18 kDa recognized by F1-specific Abs, whereas no protein expression was produced by S. Typhi carrying the empty plasmid pSEC10. The encapsulated phenotype of S. Typhi(F1) was demonstrated by india ink staining (Fig. 1C) ; S. Typhi(pSL74-GTG) colonies exhibited visible halos of dye exclusion (F1 capsule) that were absent in S. Typhi(pSEC10). Abundant F1 surface expression was confirmed by immunofluorescence microscopy (Fig. 1D ). Both S. Typhi(pSL74-GTG) and S. Typhi(pSEC10) exhibited a flagellated phenotype, although flagellation and motility were markedly reduced in the F1-expressing strain (Fig. 1E ).
Ab responses in newborn mice primed with S. Typhi(F1) and boosted with F1-alum
We have shown that mucosal immunization of newborn mice with S. Typhi expressing a foreign Ag generates potent immune responses during the neonatal period (26) . In adult mice, responses to Salmonella-expressed Ags were further improved when mucosal live vector priming was followed by parenteral Ag boost (24, 25) . In this study, we investigated the capacity of S. Typhi(F1) to mucosally prime the neonatal immune system for a vigorous and accelerated anamnestic response to a subsequent parenteral boost with F1-alum. Newborn mice were primed i.n. on day 7 after birth with 1 ϫ 10 9 CFU of S. Typhi(F1) or S. Typhi alone (control of priming) and boosted i.m. on day 22 with 5 g of F1 adsorbed to alum. Additional groups received two consecutive doses of S. Typhi(F1) or F1-alum to compare heterologous vs homologous prime-boost, and S. Typhi empty live vector or PBS as negative controls. Kinetics of F1-specific serum IgG measured by ELISA are shown in Fig. 2A . Newborn mice primed with S. Typhi(F1) and boosted with F1-alum developed the highest levels of F1-specific serum IgG ( p Ͻ 0.05; peak geometric mean titer (GMT), 11,439.1 EU/ml), surpassing those of mice primed with S. Typhi alone or with F1-alum (peak GMT, 5215.3 and GMT, 265.1 EU/ml, respectively), and those of mice primed and boosted with S. Typhi(F1) ( p Ͻ 0.05; peak GMT, 1522 EU/ml). Mice primed as newborns with F1 had the lowest Ab responses of all groups throughout the experiment. Newborns primed with S. Typhi(F1) and boosted with F1 exhibited the fastest anamnestic responses; titers increased 100-fold within the first 2 wk after the boost (20 to 1915.2 EU/ml on days 21 and 35, respectively; p Ͻ 0.05). Meanwhile, Ab levels in mice primed and boosted parenterally with F1 remained almost undetectable (GMT, 12.5 to 25 EU/ml on days 21 and 35). Interestingly, mice primed with S. Typhi empty vector exhibited a sharp increase in Ab levels in response to the F1 boost, which exceeded those of mice primed and boosted with S. Typhi(F1) or F1-alum. No responses were observed in mice that received S. Typhi alone or PBS.
Neonatal priming with S. Typhi and S. Typhi(F1) promotes avidity maturation, a balanced IgG2a/IgG1 subclass profile, and F1-specific B memory cells
The avidity of Abs is related to their functional capacity, and impaired avidity maturation early in life has been associated with vaccine failure and increased susceptibility to disease (34) . Although the capacity for avidity maturation is not fully developed in very young infants, vaccines that support Th1-type responses appear to favor this process. We examined the kinetics of avidity maturation of F1 IgG Abs in newborn mice primed with S. Typhi(F1) and boosted with F1-alum, as well as in mice primed and boosted with S. Typhi(F1) or F1-alum, and control groups (Fig. 2B) . Priming with S. Typhi(F1) followed by F1 boost elicited high-avidity Abs ( p Ͻ 0.05), as did priming and boosting with S. Typhi(F1); in fact, curves of avidity maturation overlapped for these two groups. Newborns that had been primed with S. Typhi empty live vector and boosted with F1 also produced high-avidity Abs, although these Abs appeared later. In contrast, no avidity maturation was seen in mice primed and boosted with F1-alum.
We next investigated the IgG subclass profile in newborns primed with S. Typhi(F1) and boosted with F1-alum, primed and boosted with S. Typhi(F1) or F1-alum, and controls (Fig. 2C) . Immunization with S. Typhi(F1) resulted in increased levels of F1-specific IgG2a. In fact, priming and boosting with S. Typhi(F1) produced the highest proportion of IgG2a and the uppermost IgG2a/IgG1 ratio ( Fig. 2C, right; p Ͻ 0.05). In contrast, priming and boosting with F1-alum produced exclusively IgG1; this group had the lowest IgG2a/IgG1 ratio of all treatments. Newborns primed with S. Typhi(F1) and boosted with F1-alum produced high levels of both IgG1 and IgG2a and exhibited an intermediate mean IgG2a/IgG1 ratio compared with those primed and boosted with S. Typhi(F1) or F1-alum. Similar IgG1 and IgG2a levels and mean IgG2a/IgG1 ratio were observed in mice primed with S. Typhi empty vector after the F1 boost.
Because Ab responses to T-dependent Ags rapidly decline during early infancy (35) , an effective vaccine for this age group is expected to generate memory B cells to maintain the pool of ASC and circulating Abs. This prompted us to examined the appearance of F1-specific memory B cells in spleen of mice primed as newborns with S. Typhi(F1) and boosted with F1-alum (Fig. 2D) , primed and boosted with S. Typhi(F1) or F1, and controls. Newborns primed with S. Typhi(F1) had a detectable pool of F1-specific memory B cells on day 15, during the true neonatal period. This group displayed the highest frequency of memory B cells in response to the F1-alum boost. B memory cells, although at a much lower frequency, were also seen in mice primed and boosted with S. Typhi(F1) and in mice primed with S. Typhi empty live vector and boosted with F1-alum. Mice primed and boosted with F1-alum had the lowest memory B cell responses of all treatments.
Priming of newborn mice with S. Typhi(F1) elicits F1-specific cellular and mucosal immunity
An essential attribute sought in any new vaccine for young infants is the capacity to engender T cell responses, usually absent in the neonatal period, and yet critical to protect against intracellular pathogens. We investigated the F1-specific T cell responses in newborns primed with S. Typhi(F1) and boosted with F1-alum by measuring the frequency of IFN-␥-secreting and proliferative T cells on days 15 and 70 after birth (Fig. 3 ). Newborns primed with S. Typhi(F1) developed potent F1-specific IFN-␥ responses after a single immunization, during the true neonatal period (day 15), and these responses exceeded those of mice primed with F1-alum ( p Ͻ 0.05) (Fig. 3A) . IFN-␥-secreting T cells were also observed on day 70, after the F1 boost; S. Typhi(F1)-primed mice exhibited higher spot-forming cell (SFC) frequencies than mice primed with S. Typhi alone (although not reaching statistical significance) and mice primed and boosted with S. Typhi(F1) or F1-alum ( p Ͻ 0.05). Newborns primed with S. Typhi(F1) also developed F1-specific T cells that proliferated in vitro upon F1 stimulation (Fig.  3B) ; proliferative T cells were also seen after boosting with either S. Typhi(F1) or F1-alum. Significant responses were detected in mice primed with S. Typhi alone and boosted with F1. Mice primed and boosted with F1-alum were the lowest responders of all vaccine groups.
An advantage of using bacterial vector vaccines is the potential for oral delivery and their ability to induce mucosal as well as systemic immunity. We investigated the presence of F1-specific IgA and IgG ASC in lungs and nasal tissue of newborn mice primed with S. Typhi(F1). High levels of F1-specific IgA were found in both tissues on day 15 after birth ( Fig. 4 ; p Ͻ 0.05). F1-specific IgG ASC were also detected on day 15, in response to S. Typhi(F1) priming, and on day 70, after boosting with S. Typhi(F1) or F1-alum. Priming and boosting with F1-alum consistently failed to elicit mucosal responses; no ASC were detected in either tissue, at any time point in repeated experiments. No responses were detected in mice primed with S. Typhi empty vector and boosted with F1 or in the negative control group.
S. Typhi(F1) followed by F1 boost protects mice against lethal plague challenge
We demonstrated the protective efficacy of the neonatal S. Typhi(F1)-prime F1-boost regimen in a model of systemic plague infection. Mice were subjected to lethal i.v. challenge with Y. pestis EV76 and subsequently monitored for signs of disease and mortality (Fig. 5) . Unvaccinated mice died shortly after challenge. In contrast, newborns that had been primed with S. Typhi(F1) and boosted with F1-alum remained healthy throughout the monitoring period. Significantly lower protection ( p Ͻ 0.02) was observed in mice primed and boosted with S. Typhi(F1) or F1-alum; these animals showed progressive signs of disease.
S. Typhi enhances neonatal DC maturation and production of proinflammatory cytokines
One of the major hurdles to overcome for successful immunization in the neonatal setting is the presence of immature DC that have not yet developed full capacity for Ag presentation and T cell stimulation (36) . We hypothesized that a Salmonella-based vaccine, due to its adjuvant properties, would activate and enhance maturation of neonatal DC, thereby allowing for a more efficient Ag presentation and T cell stimulation in the early life setting. To test this hypothesis, BM-derived immature neonatal DC were generated by treatment of nonadherent cells with IL-4 and GM-CSF; 
CD11c
ϩ cells were sorted and stimulated in vitro with S. Typhi using increasing m.o.i. Bacterial infection was examined by confocal microscopy (Fig. 6A) . Cell activation and maturation were first assessed through the expression of cell surface markers by flow cytometry (Fig. 6B) . S. Typhi-stimulated neonatal CD11c (Fig. 6B, gray histograms) . A large proportion of the S.
Typhi-stimulated CD11c
ϩ DC showed simultaneous expression of at least two of these activation markers (i.e., CD86 and MHC II, or CD80 and CD40 cells) as opposed to the mock-treated control (Fig. 6B, right) . Abundant expression of MHC class II molecules was also seen in confocal images of S. Typhi-infected DC (Fig. 6A). To assess the improved functionality of activated/mature S. Typhi-stimulated DC, we investigated their capacity to produce proinflammatory cytokines. The levels of IL-12p70, IL-10, TNF-␣, IL-6, and MCP-1 were measured in culture supernatants of S. Typhi-stimulated CD11c ϩ DC by CBA and flow cytometry (Fig. 6C) . Increased levels of TNF-␣, IL-6, and MCP-1 were produced by S. Typhi-activated, but not mock-treated DC.
There is an ongoing debate as to whether neonatal immune cells can achieve adult-like levels of activation and protective immunity. Increasing evidence, however, suggests that this largely depends on the nature and potency of the stimulatory and maturation signals (37-39). We asked, therefore, whether neonatal and adult S. Typhi-activated DC could reach similar levels of activation when stimulated alike. To this end, we compared the expression of activation and maturation cell surface markers in neonatal vs adult DC exposed to S. Typhi (Fig. 6D) . As expected, BM-derived immature DC from adult mice also acquired a mature phenotype when exposed to S. Typhi. Remarkably, the levels of expression of cell surface molecules were similar for both neonatal and adult DC upon bacterial exposure; a slightly higher mean fluorescent intensity was observed for CD86 in adult DC. We also compared the capacity of neonatal vs adult CD11c ϩ DC to produce cytokines upon S. Typhi stimulation (Fig. 6E) , and found that except for IL-10, which was scarcely produced by neonatal cells, the same ϩ DC were stimulated with SalF1 or F1, or mock stimulated, irradiated, and incubated with F1-specific CD3 ϩ T cells in different DC:T cell ratios. IFN-␥ production was measured by ELISPOT; data show the frequency of IFN-␥-secreting T cells Ϯ SEM from replicate cultures. E, Neonatal DC-stimulated SalF1 or F1, or mock stimulated were incubated with F1-specific T cells, as described above, and cell proliferation was measured by [ 3 H]thymidine incorporation; data represent mean cpm Ϯ SEM from replicate cultures. Significant differences ‫,ء(‬ p Ͻ 0.05) compared with the F1-stimulated cells.
cytokines were produced and similar levels were detected in culture supernatants. The baseline production of IL-6 and TNF-␣ was significantly lower in the neonates, and yet both neonatal and adult DC produced similar levels of IL-6 and TNF-␣. It can be argued, therefore, that neonatal responses for these cytokines were even stronger than those of their adult counterparts, as shown by the higher fold increases after S. Typhi stimulation (Fig. 6E, bottom) .
S. Typhi-stimulated DC have increased capacity for Ag presentation and T cell stimulation
Next, we investigated the capacity of S. Typhi(F1)-stimulated neonatal DC to present the F1 Ag expressed by S. Typhi and to stimulate F1-specific T cells. We first confirmed that DC exposed to S. Typhi(F1) also acquired an activated/mature phenotype, as we had shown for DC stimulated with the S. Typhi empty vector (Fig. 6) . We also included DC treated with F1 as controls. As shown in Fig.  7A , whereas the DC population stimulated with S. Typhi(F1) exhibited a large percentage of cells expressing activation and maturation markers (i.e., both MHC II and CD86, as well as CD80 and CD40), only a small proportion of DC stimulated with F1 expressed those markers (25.3 and 15.7% vs 6.7 and 7.4%, respectively). Furthermore, we examined the profile of cytokines secreted by S. Typhi(F1) and F1-treated neonatal DC and found that upon stimulation with S. Typhi(F1), neonatal DC produced significantly higher levels of TNF-␣, IL-10, IL-6, and MCP-1 compared with F1-and mock-treated cells (Fig. 7B ). This pattern of response is very similar to that described for DC exposed to S. Typhi empty vector (Fig. 6C) . Although the cytokine response prompted by F1 treatment was much lower compared with the bacterial treatment, neonatal DC stimulated with F1 produced levels of TNF-␣ and IL-6 that surpassed those of mock-treated DC.
In the process of maturation, DC progressively lose their capacity for Ag uptake and become more efficient APC. To provide further evidence for the described S. Typhi(F1)-mediated DC maturation, we examined the capacity of S. Typhi(F1) and F1-treated neonatal CD11c ϩ to phagocytose dextran-FITC. A significantly lower percentage of S. Typhi(F1)-exposed mature DC was stained with FITC compared with F1-treated immature DC; the former cells also displayed lower mean fluorescent intensity compared with F1-treated DC (Fig. 7C) .
Furthermore, we examined the capacity of S. Typhi(F1) and F1-stimulated DC to present Y. pestis F1 and to stimulate F1-specific T cells using an in vitro Ag presentation assay. F1-specific purified CD3
ϩ T lymphocytes were incubated with neonatal CD11c ϩ DC previously stimulated with S. Typhi(F1) or F1, and IFN-␥ production and lymphocyte proliferation were measured as a surrogate of T cell stimulation. Higher frequency of IFN-␥-secreting cells and proliferative T cell responses were observed when T cells were cultured with S. Typhi(F1)-treated DC, as opposed to F1-or mock-treated cells. Responses increased when larger numbers of Ag-loaded DC were available for T cell stimulation (i.e., increasing DC:T cell ratio) (Fig. 7, D and E) .
Neonatal and adult S. Typhi(F1)-stimulated DC induce F1-specific T cell responses in vivo
Finally, to confirm our hypothesis that the strong immunogenicity seen in vivo following live vector priming was related to the capacity of S. Typhi to activate DC, adult and neonatal BM-derived sorted CD11c ϩ DC stimulated in vitro with S. Typhi(F1) or F1, or mock stimulated were adoptively transferred to adult (8-wk-old) and newborn (1-wk-old) mice. The frequency of F1-specific IFN-␥-secreting CD8 ϩ and CD4 ϩ T cells and their proliferative responses measured in spleens 7 days after DC transfer are shown in Fig. 8 . Consistently, S. Typhi(F1)-stimulated DC induced higher frequencies of IFN-␥-secreting CD4 ϩ and CD8 ϩ T cells compared with F1-stimulated DC; responses were detected in adult mice that received either adult or neonatal S. Typhi(F1)-stimulated DC, but most remarkably in newborns upon transfer of S. Typhi(F1)-stimulated neonatal DC. Similarly, F1-specific CD4 ϩ and CD8 ϩ T cells with the capacity to proliferate in vitro in the presence of F1 were observed in adult mice after adoptive transfer of S. Typhi-treated adult and neonatal DC as well as in newborns that received S. Typhi-treated neonatal DC. An interesting finding was the strong F1-specific CD8
ϩ -mediated T cell response in the newborns, which even surpassed those of adult mice both for IFN-␥ secretion and cell proliferation.
Discussion
The goal of this study was 2-fold, as follows: 1) to evaluate the potential utility of a newly developed S. Typhi vaccine strain expressing Y. pestis F1 for early life immunization using a mucosal prime-parenteral boost regimen, and 2) to dissect the mechanisms involved in the priming of immune responses, particularly the capacity of S. Typhi to reverse the immature phenotype of neonatal DC facilitating the processes of Ag presentation and T cell stimulation.
The S. Typhi(F1) strain used in our studies was the first of a series of F1-and LcrV-expressing constructs produced at the CVD. It was highly immunogenic in adult mice, producing higher F1 IgG levels than several other constructs, including bivalent F1-and LcrV-expressing strains.
In this study, we show that neonatal intranasal priming with S. Typhi(F1) produced high frequencies of F1-specific IgA-and IgGsecreting cells in mucosal tissues and systemic IFN-␥-secreting T cells 1 wk after immunization, during the neonatal period. This is remarkable, considering the difficulty in generating such responses at very early life stages and the importance of these effector mechanisms to protect against pneumonic and bubonic plague. Mucosal immunization with S. Typhi(F1) was also able to overcome the limited neonatal immune functions successfully priming the immune system for a rapid and vigorous anamnestic Ab response to a parenteral F1 boost.
The superiority of S. Typhi(F1) prime-F1 boost regimen over priming and boosting with F1-alum was astonishing in all the immunological outcomes evaluated. Besides the magnitude, the quality of the humoral responses notably improved, as indicated by a more balanced IgG2a/IgG1 profile, clearly distinct from the polarized IgG1 response generated by F1-alum, the accelerated kinetics of avidity maturation, and the capacity to elicit memory B cells.
Although correlates of protection against plague have not been identified, Abs play a critical role in host defense. Increased levels of systemic F1 IgG have been correlated with survival upon Y. pestis challenge in animal models (19, 40, 41) . The production of high levels of long-lasting, high-avidity Abs, especially IgG2a, which are highly efficient opsonins (42) , would be beneficial to facilitate bacterial clearance through capsule-mediated phagocytosis, among other mechanisms. Immunization of adult mice with S. Typhimurium-expressing F1 has been shown to confer better protection than immunization with F1-alum, and it was suggested that it might be due to increased production of IgG2a by the F1-expressing strain (19) .
Another important attribute of the S. Typhi(F1)-prime F1-boost regimen was the capacity to elicit a strong and persisting cellmediated immunity, including F1-specific T cells with the capacity to produce IFN-␥, which appears to be necessary to resolve infection with Y. pestis (reviewed in Refs. 3 and 4) . The overall enhancement of immune responses using the prime-boost regimen in newborn mice is consistent with that described for other Salmonella live vector vaccines in adult mice (24, 25) .
Mucosal immunity was also generated when newborns were immunized i.n. with S. Typhi(F1), but not when primed and boosted i.m. with F1-alum. Adaptive immunity in the respiratory mucosa is deemed essential to protect against aerosolized Y. pestis. The advantages of mucosal (as opposed to parenteral) delivery of plague Ags to enhance the quality of immune responses and to promote mucosal immunity have been shown by others in adult mice (43) (44) (45) .
The immune responses generated in newborns primed with S. Typhi(F1) and boosted with F1 were sufficient to protect these animals against systemic lethal plague infection, whereas groups primed and boosted with S. Typhi(F1) or F1 exhibited partial protection with overt signs of disease. Morton et al. (46) had previously reported 65% protection in adult mice immunized with an attenuated (aroA, aroC, htrA) S. Typhi strain expressing F1, upon s.c. lethal pestis challenge. Because our primary goal was to demonstrate the suitability of S. Typhi to deliver an Ag of biodefense interest for early life immunization and to dissect the immunological intricacies of a neonatal mucosal prime parenteral boost regimen, we did not pursue more elaborated protection studies, such as inhalational challenge with wild-type organisms. Considering the robust mucosal responses elicited, a Salmonella-based immunization strategy is likely to be effective against pneumonic plague.
DC play a key role in the immune responses against Salmonella and passenger Ags in vivo (13, 47) . The ability of S. Typhimurium to infect and activate DC from adult mice has been demonstrated in several studies (48, 49) . S. Typhimurium-derived membrane vesicles were also recently shown to promote DC maturation and stimulation of protective adaptive immunity (50) . Our results demonstrate, for the first time, that neonatal immature DC become activated and acquire a mature phenotype upon stimulation with a S. Typhi live vector vaccine, and these mature cells exhibit an improved functional capacity, shown by increased production of proinflammatory cytokines and efficient Ag presentation and stimulation of T cells. This phenomenon is expected to take place in vivo as well. In fact, we demonstrate that neonatal DC stimulated in vitro with S. Typhi-expressing F1 primed strong Ag-specific CD4 ϩ and CD8 ϩ T cells when adoptively transferred to newborns that lacked mature and fully competent DC. The enhanced capacity of Salmonella-activated DC for Ag presentation and T cell stimulation can explain the potent Th1-type responses observed in vivo, as well as the improved quality of Abs, which probably result from a more efficient T-B cell cooperation. In contrast, neonatal DC exposed to F1 showed marginal activation and reduced capacity for Ag presentation and T cell stimulation concurring with the poor neonatal responses to F1 in vivo.
Neonatal and adult DC reached similar levels of activation and cytokine production after S. Typhi stimulation, further supporting the possibility of inducing adult-like immune responses during the neonatal period. Kingston et al. (51) have shown in vitro that mature DC can prime naive T cells to respond to F1 and V Ags, and suggested that these cells may play an important role in the induction of protective immunity to plague in vivo.
An interesting finding in our study was that newborns primed with S. Typhi alone responded more efficiently to the F1-boost than mice primed and boosted with F1-alum, suggesting a nonspecific live vector-mediated activation of the neonatal immune system. Salmonella expresses a variety of pattern-recognition-receptor ligands, primarily LPS and flagellin, which can activate innate immunity through TLR4 and TLR5 and trigger proinflammatory cytokines and chemokines that recruit and activate DC (reviewed in Ref. 52) . Interestingly, flagella abound in nonrecombinant S. Typhi, but are scarce in the F1-expressing strain, which may help explain the potent immune stimulation of S. Typhi alone. Conceivably, the bacteria increase the level of activation of neonatal DC and educate these cells for a more efficient response to an Ag given later in life. Our findings underscore the notion that vaccine components capable of activating DC can dramatically influence the immunization outcome in the early life setting. We also provide evidence that up-regulation of DC early in life and a proinflammatory Th1-type cytokine milieu are critical not only to improve immune responses in the short-term, but to enhance responses to Ags coming in contact with the host later in life. Several studies have shown that virulent strains of S. Typhimurium can interfere with the capacity of DC to prime adaptive immunity (53) (54) (55) (56) . We did not observe any dampening of responses when using an attenuated S. Typhi vaccine strain in our neonatal mouse model; on the contrary, adaptive immunity was enhanced in comparison with a subunit vaccine.
Current biodefense vaccine initiatives have been primarily focused on healthy adults, whereas little consideration has been given to strategies that can be safe and effective in special groups, such as infants and young children, who would be at higher risk of infection in the event of bioterror attack. In fact, vaccines with proven efficacy in adults may confer poor protection in early life (35) . Children will perhaps be the most difficult group to treat postexposure due to the limitations in the use of antibiotics in this group. Our results show for the first time that mucosal priming with S. Typhi expressing a foreign Ag, followed by a protein Ag boost, appears to be a highly efficient and novel vaccine approach for early life immunization. A S. Typhi-based plague vaccine would be an efficacious and practical prophylactic tool for protection of infants and young children. We envision the use of such a vaccine to prime young hosts early in life for a rapid and heightened response to a parenteral subunit vaccine boost administered later if needed. Improved Salmonella constructs expressing both F1 and LcrV from highly stabilized plasmids without antibiotic markers are under development for use in humans. Our studies warrant further assessment of protective efficacy of improved S. Typhi-based plague vaccines in this model. They also pave the way for further investigation of biodefense vaccine strategies and heterologous prime-boost immunization for early life immunization.
